X -2 WANG: COHERENT WATER TRANSPORT
The role of mesoscale eddies in transporting Agulhas leakage is investigated using a recent technique from nonlinear dynamical systems theory applied on geostrophic currents inferred from the over two-decade-long satellite altimetry record. Eddies are found to acquire material coherence away from the Agulhas retroflection, near the Walvis Ridge in the South Atlantic. Yearly, 1 to 4 coherent material eddies are detected with diameters ranging from 40 to 280 km. A total of 23 eddy cores of about 50 km in diameter and with at least 30% of their contents traceable into the Indian Ocean were found to travel across the subtropical gyre with minor filamentation. Only 1 eddy core was found to pour its contents on the North Brazil Current. While ability of eddies to carry Agulhas leakage northwestward across the South Atlantic is supported by our analysis, this is more restricted than suggested by earlier ring transport assessments.
Introduction
Mesoscale eddies are widely recognized as potential agents of long-range water transport [e.g., Robinson, 1983] . Agulhas rings, in particular, have long been thought as conduits for the leakage of warm and salty Indian Ocean water into the South Atlantic [de Ruijter et al., 1999; Gordon, 1986; Lutjeharms, 2006; Richardson, 2007; van Sebille and van Leeuwen, 2007] and as such contributors to the maintenance of the meridional overturning circulation in the Atlantic [Gordon, 1986; Weijer et al., 2002; Knorr and Lohmann, 2003; Peeters et al., 2004; Beal et al., 2011] . The role of rings in carrying Agulhas leakage was emphasized by Gordon and Haxby [1990] , who argued that the rings, after being shed from the Agulhas retroflection as the result of occasional Indian-Ocean-entrapping occlusions, travel across the South Atlantic and pour their contents on the North Brazil Current. While this long-range transport view on rings has been challenged by the potentially important role of filaments and other forms of transport [Schouten et al., 2000; van X -4 WANG: COHERENT WATER TRANSPORT in backward direction to the time of their genesis, of eddies shielded by extraordinarily resilient fluid belts that defy the exponential stretching of typical fluid belts in turbulence.
Such material eddies coherently transport the enclosed fluid with no noticeable leakage through the flow domain for the whole extent of their lifetimes. Eddies revealed from their Eulerian footprints , as is the case of the rings considered by Gordon and Haxby [1990] , do not possess this property , which is critical to assess the validity of Gordon and Haxby's [1990] long-range transport view on Agulhas rings.
Methods
Haller and Beron-Vera [2013, 2014] consider exceptional material loops in turbulent flow that form the centerpieces of thin material belts exhibiting no leading order change in averaged stretching as the widths of the belts are varied. Solutions to this variational problem are material loops such that each of their subsets are stretched by a unique factor λ when the loops are advected from time t 0 to time t. Being uniformly stretching, these λ-loops resist the exponential stretching typical material loops experience in turbulence.
Represented as closed curves s → x 0 (s), where parameter s is periodic, the λ-loops satisfy one of the two equations:
Here 0 < λ 1 (x 0 ) ≤ λ 2 (x 0 ) and ξ i (x 0 ) · ξ j (x 0 ) = δ ij are eigenvalues and (normalized) eigenvectors, respectively, of the right Cauchy-Green strain tensor field, C
, a frame-invariant (or objective) measure of deformation where 
where v(x, t) is a two-dimensional velocity field. Closed curves satisfying (1) occur in families of nonintersecting limit cycles, necessarily encircling singularities of C
points where the field is isotropic. The outermost member of a family of λ-loops will be observed physically as the boundary of a coherent material eddy: immediately outside, no coherent belt may exist containing the eddy. Limit cycles of (1) tend to exist only for λ ≈ 1. Material loops characterized by λ = 1 reassume their initial arclength at time t.
This property, along with conservation of enclosed area in the incompressible case, creates extraordinary coherence.
Coherent material eddy detection and tracking is implemented as follows (detailed algorithm steps are given in the Appendix of Haller and Beron-Vera [2013] ). 1) Fix a domain U and a time scale T over which eddies are to be identified. 2) On U set a grid G U of initial positions x 0 . 3) For each x 0 ∈ G U integrate (2) from t 0 to t = t 0 + T , obtaining a discrete approximation of F t t 0 (x 0 ). 4) Evaluate DF t t 0 (x 0 ) using finite differences, then construct C t t 0 (x 0 ), and finally compute {λ i (x 0 )} and {ξ i (x 0 )}. 5) Locate eddy candidate regions V by isolating singularities of C t t 0 (x 0 ) surrounded by singularity-free annular regions. 6) In each V repeat the first two steps using a finer grid G V , and seek the outermost possible limit cycle of (1) with the aid of a Poincare section (a limit cycle corresponds to a fixed point of the Poincare map) starting with λ = 1. If no limit cycle is found for any λ (typically near 1), the candidate region does not contain a coherent material eddy. 7)
Finally, advect the boundary of the coherent material eddy detected to track its motion.
Here we have specifically considered v(x, t) = gf −1 ∇ ⊥ η(x, t), where g is the acceleration of gravity, f stands for Coriolis parameter, ⊥ represents a 90
• -anticlockwise rotation, and η(x, t) is the SSH, taken as the sum of a (steady) mean dynamic topography and the (transient) altimetric SSH anomaly, both distributed by AVISO (Archiving, Validation and Interpretation of Satellite Oceanographic Data); specific products employed are Rio05 and DT-MSLA "all sat merged," respectively. The mean dynamic topography is constructed from satellite altimetry data, in-situ measurements, and a geoid model [Rio and Hernandez , 2004] . The SSH anomaly is provided weekly on a 0.25
grid. This is referenced to a 20-year (1993-2012) mean, obtained from the combined processing of data collected by altimeters on the constellation of available satellites [Le Traon et al., 1998 ]. Here the weekly SSH fields are interpolated daily, which reduces trajectory overshooting [Keating et al., 2011] . We chose U = [20.5
• W, 10.5 with square elements of roughly 1.5-and 1-km side, respectively. All integrations were carried out using a stepsize-adapting fourth-order Runge-Kutta method with interpolations obtained using a cubic scheme. In the case of (1), further care had to be taken by enforcing a unique eigenvector field orientation at each integration step.
Results
We begin by showing in Fig. 1 Rossby waves) independent of T .
We now proceed to discussing transport estimates. Let Σ be a fixed curve and assume that is traversed by coherent material eddies, episodically and all in the same direction.
We call coherent transport the contribution by such eddies to the flux across Σ of the two- Finally, we turn to discussing aspects of the evolution of detected coherent material eddies. As before we focus on 360-d eddies, the most persistent of all eddies detected. occlusions . Our results are more consistent with those from earlier works [Schouten et al., 2000; Boebel et al., 2003] reporting intense mixing in Cape Basin.
But coherence eventually emerges from the mostly incoherent water resulting from this process close to the Walvis Ridge, and is followed by propagation of small eddy cores with minor filamentation across the subtropical gyre. Coherence is eventually lost, the contents of the eddies are mixed with the ambient water in the vicinity of the bifurcation of the subtropical gyre, and finally transported mostly southward by the Brazil Current.
Out of a total of 23 eddies detected, 15 adhere to this picture. The exceptional behavior, observed by only 1 eddy, is also characterized by emergence of small coherent material eddies (the particular eddy shown in the right column of Fig. 3 has roughly 40 km in diameter) out of rather incoherent water, the only difference being that most of the water inside this eddy is traceable into the Indian Ocean. This is still different from the widely accepted ring genesis picture inasmuch as material coherence is not acquired immediately but rather after some time, near the Walvis Ridge. Propagation across the subtropical gyre then follows with minor filamentation until coherence starts to be gradually lost. 
Conclusions
Aided by a recently developed Lagrangian technique from nonlinear dynamical systems theory, we have extracted from geostrophic velocities derived from nearly two decades of altimetry measurements a coherent transport signal across the South Atlantic through the so-called Agulhas corridor. The technique enables accurate, frame-independent identification of mesoscale eddies with cores whose material boundaries remain coherent, i.e.,
without showing noticeable signs of filamentation, for up to one year. These coherent material eddies were used in the coherent transport computation, which turned out to be smaller (by at least two orders of magnitude) than earlier ring transport estimates.
The main reason is that those transport estimates implicitly assumed material coherence dies tend to emerge near the Walvis Ridge from rather incoherent water, mostly residing in the South Atlantic and to a small extent traceable into the Indian Ocean. How this precisely happens is not known and is subject of ongoing investigation. The majority of the coherent material eddies formed this way (15 out of a total of 23) were found to cross the subtropical gyre and eventually to be absorbed into the Brazil Current. However, only 1 eddy consisting of mainly Indian Ocean water was seen to pour its contents on the North Brazil Current. This suggests that the contribution by coherent material Agulhas rings to the global thermodynamical budget is much less significant than originally thought [Gordon and Haxby, 1990] . While we find ability of eddies to transport water over long distances, this is less important than recently argued for eddies beyond Agulhas rings based on lax assumptions about material coherence [Dong et al., 2014; Zhang et al., 2014] .
Finally, explicit resolution of three-dimensional aspects of ring transport, which can be done by applying extensions of the technique employed here [Blazevski and Haller , 2014; Haller , 2014] to an ocean general circulation model, are not expected to substantively modify our results. Indeed, these may be actually more constrained by diffusion induced by submesoscale turbulence unresolved by altimetry and most models. 
